Introduction {#s1}
============

Over the past two decades, the dietary supplement market has grown vigorously around the world, with an estimated \$46 billion spent on dietary supplements in the US alone in 2018 \[[@R1]\]. Among all the sales made by the supplement industry, herbal and botanical supplements made up about 17% \[[@R2]\]. More than 50% of the US population has used dietary supplements, and the number has been increasing consistently for the past 28 years \[[@R3]\]. Moreover, currently 25% of the population is estimated to use the supplements for medicinal purposes \[[@R4]-[@R6]\]. The botanical *Hydrastis canadensis,*commonly known as goldenseal,is one of the top 40 herbal supplements sold in the United States \[[@R6]\].

*H. canadensis* is a small perennial herb that belongs to the Ranunculaceae family and is native to the eastern United States and Canada \[[@R7]\]. *H. canadensis* has been used as a traditional herbal medicine for treating various health conditions including gastrointestinal problems, eye-related infections, and inflammation \[[@R8]-[@R10]\]. In addition, *H. canadensis* root powder has traditionally been employed for the treatment of urinary disorders, hemorrhage, and skin and mouth infections \[[@R11]\]. Both root extracts and pure chemical constituents from *H. canadensis*have displayed antibacterial activities *in vitro* and in clinical trials \[[@R12]-[@R16]\]. This property can be attributed to benzylisoquinoline alkaloids present in this botanical \[[@R8]-[@R10],[@R17],[@R18]\]. In *H. canadensis,*the benzylisoquinoline alkaloids berberine, canadine, and hydrastine ([Figure 1](#F1){ref-type="fig"}) represent "fingerprint molecules" which can help distinguish this plant from other related species \[[@R19]\].

Metabolites of medicinal plants such as *H. canadensis*may undergo degradation if not stored appropriately. For instance, the chemical properties of *H. canadensis*may change as a consequence of improper or adverse storage conditions. While there are plenty of indicators for degradation in plants, color changes can be easily observed and often indicate chemical deterioration as reported by Tiwari *et al*. (2008) in the strawberry \[[@R20]\]. While evaluating commercial *H. canadensis*root powders, we found that two supplements from the same manufacturer had notably different colors ([Figure 2](#F2){ref-type="fig"}), which served as the impetus to study the effects of storage conditions on chemical changes of herbal supplements.

To study the effects of storage conditions on the chemical composition of *H. canadensis*, a metabolomics approach was chosen. There has recently been an upsurge of interest in the application of metabolomics to identify mixture constituents in botanical dietary supplements \[[@R21]-[@R24]\]. Metabolomics approaches involve the use of analytical methods (in this case mass spectrometry) to comprehensively evaluate the metabolite profile (*i.e.* "the metabolome") within a given biological sample \[[@R25]\]. Metabolomics can be applied to both targeted (marker-based) and untargeted workflows. Targeted metabolomics approaches are commonly used to identify changes to specific metabolites within a sample and allows the absolute quantification of these metabolites as a result \[[@R26]\]. However, specific metabolites of interest are not always known, in which case an untargeted approach can be used. With untargeted metabolomics, a more comprehensive picture of the metabolite profile is obtained; however, only relative quantification of metabolites is possible \[[@R27]\]. For targeted analysis of the effects of storage conditions on *H. canadensis,*three marker compounds of the roots: berberine, hydrastine, and canadine ([Figure 1](#F1){ref-type="fig"}A-C, respectively) were selected \[[@R8]-[@R10],[@R17],[@R18]\]. Untargeted analysis was also conducted using the full chemical profile of *H. canadensis*detected using mass spectrometry.

With the study presented herein, an approach combining both targeted and untargeted metabolomics was applied to identify changes to known and unknown metabolites within the roots of *H. canadensis* resulting from differences in storage conditions. Chemical analysis was conducted on samples (representing two distinct sample states) subjected to storage in different light and temperature conditions over time. The ultimate goal of this study was to identify the limits for the optimal storage settings of *H. canadensis*roots to prevent chemical degradation.

Materials and Methods {#s2}
=====================

General Methods {#s2a}
---------------

All solvents and chemicals used in this research study were obtained from ThermoFisher Scientific (Waltham, MA, USA) and were either spectroscopic or microbiological grade. Berberine, canadine, and hydrastine standards were purchased from Sigma-Aldrich (St. Louis, MO, USA), with purities of 99%, 98%, and 98% respectively. The flowchart of the methods for this research can be found in [Figure 3](#F3){ref-type="fig"}.

Plant Material {#s2b}
--------------

Bulk plant material of *H. canadensis* was collected on October 18, 2016 from William Burch in Hendersonville, North Carolina (NC, N 35°24.277′, W 082°20.993′, 702.4 m elevation). The plants were cultivated in their natural environment, a hardwood forest understory. A voucher specimen for this *H. canadensis*plot has been deposited at the Herbarium of the University of North Carolina at Chapel Hill (NCU583414) and authenticated by Dr. Alan S. Weakly. Root materials were dried at room temperature until crisp before extraction.

Sample Preparation {#s2c}
------------------

At the beginning of 6 months, *H. canadensis* roots were divided according to predefined sample conditions: powdered roots or whole roots. To acquire the powdered root samples, dried whole *H. canadensis* roots were ground under room temperature using a Wiley mill standard model no. 3 (Arthur H. Thomas Co., Philadelphia, PA, USA) with a 2 mm mesh size. Then, 1.00 g of either whole roots or powdered roots were weighed into a 25 mL scintillation vial.

Storage Conditions {#s2d}
------------------

Triplicate process replicates were allocated to different locations of 18 unique combinations of storage conditions ([Table 1](#T1){ref-type="table"}) that included different temperature conditions (40°C ± 5°C as high temperature, 20°C ± 5°C as room temperature, and 4°C ± 5°C as low temperature), different light:dark (hr:hr) cycles (16:8, 12:12, and 0:24), and different time lengths (0, 1, 2, 3, 4, 5, or 6 months). Light:dark cycles were operated by using 120 V, 200 mA, 12 W, and 60 Hz LED light bulbs (Miracle LED, China) and timed by 15 A and 1875 W indoor timers (Sunlite Manufacturing, Brooklyn, NY, USA). The high temperature condition was reached using 150 W heat lamps (Simple Deluxe, Irwindale, CA, USA), and the cold temperature was achieved by storing samples in a 4°C Isotemp refrigerator (ThermoFisher Scientific). This setup generated a total of 327 *H. canadensis*samples (three samples for initial time point of zero months with no treatment, and 54 samples for each following month).

Sample Extraction {#s2e}
-----------------

At the end of each time point (aside from time point zero where only three samples, with no treatment, were obtained), three process replicates of each powdered and whole root samples were taken from each storage condition, totaling 54 samples per month. The root samples were ground immediately prior to extraction to reach the same surface area to volume ratio as the powered root samples. Next, both powdered and whole root samples were extracted with 5 mL of methanol in the same 25 mL scintillation vials. The extractions were left for approximately 24 hours and filtered using 13 mm Puradisc Whatman (GE Healthcare, Chicago, IL, USA) syringe filters. The extracted samples were dried under nitrogen gas and then stored at -20°C.

Mass Spectrometry Analysis {#s2f}
--------------------------

A Q Exactive Plus quadrupole-Orbitrap mass spectrometer (ThermoFisher Scientific) with an electrospray ionization (ESI) source coupled to an Acquity UPLC system (Waters, Milford, MA, USA) was used to obtain liquid chromatography-mass spectrometry (LC-MS) data. Resuspension of samples was performed using methanol to a concentration of 1 mg/mL (mass of sample/volume of methanol). Aliquots (3 μL) of each sample were injected onto Acquity UPLC BEH C~18~ column (1.7 μm, 2.1 × 50 mm, Waters) with 0.3 mL/min flow rate, using a binary solvent gradient of H₂O (0.1 % formic acid added) and CH₃CN (0.1% formic acid added): initial isocratic composition of 95:5 (H₂O:CH₃CN) for 1.0 min, increasing linearly to 0:100 over 7 min, followed by an isocratic hold at 0:100 for 1 min. The gradient then returned to starting conditions of 95:5 and held isocratic again for 2 min. The positive ionization mode of the mass spectrometer was used over a full scan of m/z 150-2000 with the following settings: capillary voltage, 5 V; capillary temperature, 300°C; tube lens offset, 35 V; spray voltage, 3.80 kV; sheath gas flow and auxiliary gas flow, 35 and 20 units, respectively. Xcalibur software (ThermoFisher Scientific) was utilized to acquire extracted ion chromatograms. One process replicate from each treatment was run with triplicate technical replicates to ensure instrument reproducibility.

Metabolomics Analysis {#s2g}
---------------------

MZmine 2.28 software (http://mzmine.github.io/), with a slightly modified version of a previously reported method \[[@R28]\], was used to analyze, align, and filter LC-MS data. The following parameters were used for peak detection: noise level (absolute value), 1 × 10^6^ counts; minimum peak duration 0.5 min; tolerance for *m/z* (mass over charge) intensity variation, 20%. In order to refine peak detection, peak list filtering and retention time (RT) alignment algorithms were performed. All the obtained chromatograms were integrated into a single data matrix by the join algorithm using the following parameters: the balance between *m/z* and retention time was set at 10.0 each, *m/z* tolerance was set at 0.001, and retention time tolerance was defined as 0.5 min. For further analysis, the peak areas for detected individual ions in triplicate extractions were exported from the data matrix. A peak area of 0 was assigned to the samples that did not contain a particular marker ion to maintain a consistent number of variables throughout the dataset. To ensure that all peaks evaluated originated from the botanical root material, ions detected in the methanol blank (containing no plant sample) were removed from analysis. Ions eluting before 3.5 minutes and after 8 minutes were also removed. Additionally, to avoid skewing data due to instrument reproducibility problems, the relative standard deviation of each ion's peak area across triplicate injections was evaluated by dividing the standard deviation by the total average peak area. Ions showing a relative standard deviation above 40% in at least 40% of samples were assigned a peak area of 0. Sirius version 10.0 (Pattern Recognition Systems AS, Bergen, Norway) \[[@R29]\] was used to complete the chemometric analysis. The resulting data matrix consisted of 325 individually detected ions. Principal component analysis (PCA) was used for metabolomics profiling using untransformed data on the average peak area of the technical replicates of the *H. canadensis* samples with Sirius software. The PCA plots were generated based on the findings from a recent paper \[[@R30]\]. The software application JMP ® Pro 15.0 \[[@R31]\] was used for targeted statistical analysis of treatment condition on production of the alkaloids berberine, canadine, and hydrastine. The effects of storage time, light, temperature, and sample condition were compared to the control using the Steel Method \[[@R32]\] which enables multiple comparisons of non-parametric data to a control.

Results {#s3}
=======

The results from the study were analyzed using both targeted (marker-based) and untargeted metabolomics analyses with the goal of evaluating chemical changes to *H. canadensis*samples stored under different storage conditions across time. With the targeted analysis, the relative abundance of the three fingerprint metabolites (berberine, hydrastine, and canadine, [Figure 1](#F1){ref-type="fig"}) were compared. With the untargeted approach, all metabolites detected in the samples were evaluated and compared using principal component analysis (PCA). PCA represents the most commonly used tool in metabolomics analysis, and involves mapping the dataset onto a series of latent variables in a two-dimensional space \[[@R28],[@R33]\]. Although more than two principal components usually exist, it is typical to plot data using the two principal components that introduce the most variability across the analyzed samples \[[@R24],[@R34]\]. The resulting PCA plots can be visualized using either "scores," in which each sample represents a single point on the PCA plot, or a "loadings" plot, in which each individually detected ion found in the analyzed samples are plotted as single points \[[@R28],[@R35]\]. The location of the detected ions on the loadings plot explains the locations of the samples on the scores plots, enabling identification of compounds that contribute to chemical differences between groups \[[@R24],[@R28],[@R36]\].

Targeted analysis was first conducted by evaluating the relative abundances of berberine, hydrastine, and canadine across all treatments at the 6-month time point ([Figure 4](#F4){ref-type="fig"}). We expected that the maximum number of chemical changes would be seen at this time point, making it an ideal starting point for analysis. To ensure that we did not miss differences in metabolite stability that occurred at other time points, non-parametric multiple comparisons were completed with the Steel method \[[@R32]\] for all treatments listed in [Table 1](#T1){ref-type="table"}. We evaluated the effect of time, light, temperature, and sample type on the abundance of berberine, hydrastine, and canadine. Because of the number of tests completed, we chose a significance level of 0.01 to avoid Type I error. The results indicated that there were no significant differences between any treatment and the control (Appendix A Tables S1-S4). When the process replicates from all treatments were analyzed at time point 6, there is no significant differences in the metabolite concentrations in comparison with the control treatments collected prior to storage. In some treatments (such as control, treatments 6 and 12), there were more chemical differences between the replicates rather than between samples stored in different conditions.

To assess changes to metabolites other than the three alkaloid markers, untargeted analysis was also conducted using data from all treatments at the 6-month time point in comparison with the samples from time point zero which acts as a control. The resulting PCA scores and loadings plots can be visualized in [Figure 5](#F5){ref-type="fig"}A and 5B. The two principal components chosen account for 99.56% of the variability among samples (PC 1 = 99.16 %, PC 2 = 0.4 %). Given that the vast majority of the variability between samples was explained by the first component, PC 1, distribution of samples along the x-axis was most informative for evaluating chemical differences between samples. In the scores plot ([Figure 5](#F5){ref-type="fig"}A), the process replicates for all treatments overlap on the plot, suggesting that there is no significant variation from sample to sample and the differences in treatments did not affect the overall metabolite profile of *H. canadensis*samples. The distribution of the sample points on the scores plot can be explained by the distribution of individual ions on the loadings plot ([Figure 5](#F5){ref-type="fig"}B). On this plot, we can see that scores located furthest to the right of the scores plot have higher concentrations of the marker ions berberine and hydrastine than other samples. However, these differences in concentration do not correspond to differences in treatment.

To differentiate between specific treatment conditions, three additional scores plots were produced ([Figure 6](#F6){ref-type="fig"}). In the scores plot of [Figure 6](#F6){ref-type="fig"}A (PC 1 = 96.07 %, PC 2 = 2.60 %), the process replicates of powdered samples at room temperature stored under different light conditions were evaluated, and again, we cannot distinguish samples from those collected at time point zero. In the scores plot of [Figure 6](#F6){ref-type="fig"}B (PC 1 = 97.02 %, PC 2 = 2.06 %), the effect of temperature was compared between powdered samples stored in the dark, while in the scores plot of [Figure 6](#F6){ref-type="fig"}C (PC 1 = 99.66 %, PC 2 = 0.23 %), the differences between root and powdered samples at room temperature in darkness were assessed. In both 6B and 6C, the process replicates overlap with the control, suggesting that these treatments did not significantly impact the chemical composition of *H. canadensis*roots.

Discussion {#s4}
==========

With the expansion of the botanical supplement industry, more and more individuals are consuming botanical natural products. At the same time, an increasing number of studies are being conducted on the chemical characterization of such botanical supplements \[[@R37]\]. Such chemical characterization is no trivial task when the composition of chemical constituents within a botanical can vary due to genetics, growth conditions, and sample processing methods \[[@R37]\]. Even if all of these factors are controlled, without studies into chemical stability over time, it becomes challenging to ensure that the material under study remains chemically consistent throughout the course of the research. In order to ensure that consumers have access to safe and efficacious botanical supplements, it is critical that robust stability studies be conducted to evaluate optimum storage conditions and shelf life.

In this study, we evaluated the effects of sample state (powdered versus whole root), temperature (ranging from 0-40°C), and light conditions (ranging from 0-16 hours of light per day) on the chemical stability of *H. canadensis*roots. Using triplicate process replicates at each time point for each storage condition, we were able to provide a robust analysis of the stability of this botanical under these conditions. Interestingly, we found that while there were some chemical differences between samples, these chemical differences could not be attributed to differences in storage conditions, but were instead due to differences between individual samples. The differences witnessed between samples were minimal, suggesting that goldenseal roots are stable under the conditions tested. These results are promising and suggest that commercial goldenseal products may be stored under a variety of conditions for at least 6 months. Future studies would be required to evaluate the shelf life of goldenseal roots to identify when chemical degradation begins to occur. Based on the results of this study, we propose further research aimed at evaluating the stability of additional botanical supplements to maximize safety and efficacy of botanical products.
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###### Different storage conditions assessed in this study. Each condition was tested with three process replicates, with samples being collected every 30 days for 6 months.

       **Sample state**   **Temperature (°C)**   **Light (light:dark, hours)**
  ---- ------------------ ---------------------- -------------------------------
  1    Whole roots        40 ± 5                 16:8
  2                                              12:12
  3                                              0:24
  4                       20 ± 5                 16:8
  5                                              12:12
  6                                              0:24
  7                       4 ± 5                  16:8
  8                                              12:12
  9                                              0:24
  10   Powdered roots     40 ± 5                 16:8
  11                                             12:12
  12                                             0:24
  13                      20 ± 5                 16:8
  14                                             12:12
  15                                             0:24
  16                      4 ± 5                  16:8
  17                                             12:12
  18                                             0:24

![**Molecular structures of the three common benzylisoquinolone alkaloid marker metabolites found in the roots of *H. canadensis***.](yjbm_93_2_265_g01){#F1}

![**Comparison of two commercial powder samples of *H. canadensis* from the same brand**. *H. canadensis* root powder possesses a distinct yellow color. This property is due to the abundantly-present benzylisoquinolone alkaloid berberine. As observed, the powder sample on the right has a brown color, while the sample on the left is brighter yellow, indicating possible degradation.](yjbm_93_2_265_g02){#F2}

![**Flowchart for the procedure carried out in the research study**. Powdered or whole roots were dried and stored under different temperature and light conditions. Once per month for 6 months, triplicates from each treatment were collected and extracted in methanol. Following extraction of all samples, chemical analysis was conducted using ultra-high performance liquid chromatography-mass spectrometry (UPLC-MS) and targeted and untargeted analyses were conducted to evaluate chemical stability over time.](yjbm_93_2_265_g03){#F3}

![**Targeted analysis of the three marker metabolites from *H. canadensis* extracts of both powder and root samples from end time point at 6 months**. Treatment numbers correspond to treatments listed in [Table 1](#T1){ref-type="table"}. Treatment "C" corresponds to samples collected at time point zero and serves as the positive control. Relative abundance was calculated by dividing the peak area of each detected metabolite in each sample by the largest peak area across samples and multiplying by 100. Error bars represent standard error across triplicate process replicates. The overlap between the treat samples and the control illustrate that no chemical differences in the abundance of berberine, canadine, or hydrastine were found.](yjbm_93_2_265_g04){#F4}

![**PCA plots of *H. canadensis* extracts from time point zero and all time point 6 treatments. 5A.** PCA scores plot of all the samples (both powder and roots) from time point zero and time point 6 treatments. The positive control, "C", represents samples collected prior to storage and serves as the positive control. Each process replicate is plotted as an individual data point and color-coded according to its treatment. Treatment numbers correspond to storage conditions listed in [Table 1](#T1){ref-type="table"}. Notably, samples stored under the same condition do not cluster on the plot, and there are no clear distinctions between groups, suggesting that the treatments have little effect on the chemical constituents within the sample. **5B.** PCA loadings plot of all the samples (both powder and roots) from time point zero and time point 6 treatments. Ions located on the positive part of the x-axis are responsible for shifting of samples to the right of the corresponding scores plots. Notably, the marker ions berberine, hydrastine, and canadine are largely responsible for this separation. Although certain samples possessed a higher concentration of these metabolites, differences cannot be attributed to differences in storage conditions.](yjbm_93_2_265_g05){#F5}

![**PCA plots for *H. canadensis* samples stored under specific storage conditions after 6 months. 6A.** PCA scores plot of control (C) and room temperature powdered samples stored under different light conditions (L0:0 hours light, L12:12 hours light, L16:16 hours light). Triplicate process replicates do not cluster in the plot, and no clear differentiation between treatments can be witnessed. **6B.** PCA scores plot of control (C) and powdered samples stored in darkness at different temperature conditions (4, 20, and 40°C), . Process replicates do not overlap indicating that no differences were witnessed between groups. **6C.** PCA scores plot of powdered and whole root samples stored in darkness at room temperature. Again, process replicates do not overlap, indicating a lack of impact of the treatments on chemical composition.](yjbm_93_2_265_g06){#F6}
